ABSTRACT: Crossbred yearling steers (n = 80; 406 ± 2.7 kg of BW) were used to evaluate the effects of S concentration in dried distillers grains with solubles (DDGS) on growth performance, carcass characteristics, and ruminal concentrations of CH 4 and H 2 S in finishing steers fed diets based on steam-flaked corn (SFC) or dry-rolled corn (DRC) and containing 30% DDGS (DM basis) with moderate S (0.42% S, MS) or high S (0.65% S, HS). Treatments consisted of SFC diets containing MS (SFC-MS), SFC diets containing HS (SFC-HS), DRC diets containing MS (DRC-MS), or DRC diets containing HS (DRC-HS). High S was achieved by adding H 2 SO 4 to DDGS. Ruminal gas samples were analyzed for concentrations of H 2 S and CH 4 . Steers were fed once daily in quantities that resulted in traces of residual feed in the bunk the following day for 140 d. No interactions (P ≥ 0.15) between dietary S concentration and grain processing were observed with respect to growth performance or carcass characteristics. Steers fed HS diets had 8.9% less DMI (P < 0.001) and 12.9% less ADG (P = 0.006) than steers fed diets with MS, but S concentration had no effect on G:F (P = 0.25). Cattle fed HS yielded 4.3% lighter HCW (P = 0.006) and had 16.2% less KPH (P = 0.009) than steers fed MS. Steers fed HS had decreased (P = 0.04) yield grades compared with steers fed MS. No differences were observed among treatments with respect to dressing percentage, liver abscesses, 12th-rib fat thickness, LM area, or USDA quality grades (P ≥ 0.18). Steers fed SFC had less DMI (P < 0.001) than steers fed DRC. Grain processing had no effect (P > 0.05) on G:F or carcass characteristics. Cattle fed HS had greater (P < 0.001) ruminal concentrations of H 2 S than cattle fed MS. Hydrogen sulfide concentration was inversely related (P ≤ 0.01) to ADG (r = −0.58) and DMI (r = −0.67) in cattle fed SFC, and to DMI (r = −0.40) in cattle fed DRC. Feeding DDGS that are high in dietary S may decrease the DMI of beef steers and compromise the growth performance and carcass characteristics of feedlot cattle.
INTRODUCTION
Distillers grains with solubles (DGS), a coproduct of ethanol production, are routinely being included in finishing diets because of widespread expansion of the fuel ethanol industry. Sulfuric acid is used in ethanol production, and diets containing dried DGS (DDGS) may contain high concentrations of S. Corrigan et al. (2009) observed a linear increase in dietary S as DDGS increased from 0 to 40% (DM basis) of the total diet.
Increased concentrations of dietary S have deleterious effects on cattle performance and carcass characteristics (Bolsen et al., 1973; Loneragan et al., 1997) . Kung et al. (1998) suggested that increased dietary sulfate may cause respiratory problems and polioencephalomalacia (PEM). Within the rumen, dietary sulfate is reduced to sulfide by sulfate-reducing bacteria, and the sulfides then bind H in the rumen to form H 2 S. Hydrogen sulfide is eructated from the rumen, and an undetermined amount of H 2 S may be aspirated into the lungs. When in excess, aspirated H 2 S can cause PEM (Gould, 1998) . For example, in a study by Buckner et al. (2007) , 6 out of 40 steers fed 50% DDGS (dietary S concentration of 0.60%) in combination with DRC died or showed symptoms related to PEM.
The feeding value of DDGS is less in steam-flaked corn (SFC) diets than in dry-rolled corn (DRC) diets , and could be due partly to increased S concentration of DGS. Cattle fed SFCbased diets yield more H + ions compared with those fed DRC-based diets (Barajas and Zinn, 1998; Corona et al., 2006) . It is thus conceivable that increased dietary S may be more deleterious in SFC diets than in DRC diets because more H + are available for H 2 S production. Therefore, the objective of this study was to evaluate growth performance, carcass characteristics, and composition of fermentative gasses in the ruminal headspace of finishing steers fed SFC-or DRC-based finishing diets containing 30% (DM basis) DDGS and varying concentrations of S.
MATERIALS AND METHODS
Procedures followed in this study were approved by the Kansas State University Institutional Animal Care and Use Committee.
Experimental Design
Crossbred yearling steers (n = 80, 406 ± 2.7 kg of initial BW) were used to determine the effects of feeding DDGS containing different S concentrations on growth performance, carcass characteristics, and ruminal concentrations of H 2 S and CH 4 in the ruminal headspace of steers fed diets based on SFC or DRC. The study was conducted as a randomized complete block design with a 2 × 2 factorial arrangement of treatments. Factors consisted of dietary S concentration [moderate S (0.42%) or high S (0.65%) of dietary DM; MS and HS, respectively] and grain processing method (SFC or DRC). All diets included 30% DDGS (DM basis) and were based on SFC containing MS (SFC-MS) or HS (SFC-HS), or DRC containing MS (DRC-MS) or HS (DRC-HS). Whole corn was steam-flaked to a bulk density of 360 g/L.
The 0.65% concentration was chosen based on findings by Buckner et al. (2007) that 15% of cattle fed 50% DDGS (dietary S concentration of 0.60%) in a DRC-based diet exhibited signs of S toxicity. The 0.42% (DM basis) MS concentration was made up of the individual S concentrations of ration ingredients (0.13% from corn and other ration ingredients plus 0.29% from DDGS). The 0.65% concentration was attained by mixing 10 kg of H 2 SO 4 (93% concentration) with 446 kg of DDGS before mixing rations. Consequently, the 0.65% S (DM basis) was composed of 0.13% S from other ration ingredients, 0.29% S from DDGS, and 0.23% S from added sulfuric acid. Sulfuric acid was used as a source of S to mimic actual use in ethanol plants. New loads of DDGS were received once every 6 wk (3 loads for the entire 140-d study period) from Poet Nutrition (Sioux Falls, SD). Sulfur concentration was similar for the 3 loads (0.97% ± 0.01; Table 1) , and pH for treated DDGS was 2.9, whereas pH for untreated DDGS was 4.5. One metric ton of H 2 SO 4 -treated DDGS was mixed once weekly.
All finishing diets were formulated to provide (DM basis) 14% CP, 300 mg/d of monensin (Elanco Animal Health, Indianapolis, IN), 90 mg/d of tylosin (Elanco Animal Health), 2,200 IU/kg of vitamin A, 0.3% salt, 0.7% Ca, and 0.7% K. Zilpaterol-HCl (Intervet Inc., Millsboro, DE) was fed in all diets at 8.33 mg/kg of dietary DM beginning 24 d before the end of the study and was withdrawn for 3 d before slaughter. Composition of the finishing diets is summarized in Table 2 . Sulfur concentrations in the municipal water supply were nondetectable.
Animal Processing, Housing, and Feeding
On arrival at the Kansas State University feedlot, steers were allowed ad libitum access to ground alfalfa hay and municipal water. One day after arrival, steers were identified with an ear tag that displayed a unique number for each study animal. Before initiation of the study, steers were individually weighed and received an estradiol/trenbolone acetate implant (Revalor 200, Intervet Inc.), a topical parasiticide (Phoenectin PourOn, IVX Animal Health, St. Joseph, MO), a 4-way viral vaccine (Bovishield-IV, Pfizer Inc., New York, NY), and a 7-way clostridial vaccine Pfizer Inc.) . Steers were grouped in 20 BW blocks and randomly assigned within block to treatments and pens. Steers were transitioned to finishing diets (Table 2) through 4 graduated step-up diets that were formulated to allow gradual adaptation to grain. Each step-up diet was fed for 5 d. During the step-up period, alfalfa hay was decreased in 10.25% (DM) increments and was replaced by DRC or SFC in increments of 6.25% DM. Inclusion of DDGS (Poet Nutrition) remained the same throughout the step-up period.
Steers were housed (1 per pen) in 4 barns, each containing 20 individual concrete-surfaced pens. Each pen measured 1.5 × 6 m. Pens were covered with corrugated roofing to provide shade and were equipped with individual feed bunks and water fountains that allowed ad libitum access to feed and clean water. Cattle were observed once daily for general health and clinical signs of PEM from trial initiation until slaughter, and observations were recorded. Diets were mixed once daily, weighed, and hand fed to individual animals around 1000 h. Rations were delivered to each pen once daily in quantities that resulted in only traces of residual feed in the bunk the following day. Weights of fresh feed provided were recorded daily, orts were recorded weekly, and cattle were weighed every 14 d.
On d 28 of the study, 1 animal on the SFC-HS diet exhibited symptoms of PEM, including blindness. This animal was removed from the study and treated with dexamethasone. The animal responded by regaining its sight within 12 h. No other animals experienced any health-related problems. Three animals were fed the wrong diet for approximately 1 wk as a result of a clerical error. Data from all 3 misfed animals and the sick animal were excluded from the analysis. As a result, by the end of the study, the DRC-MS, DRC-HS, SFC-MS, and SFC-HS treatments had 18, 19, 20, and 19 steers remaining, respectively.
Sampling and Laboratory Analyses
Sulfur concentrations of all feedstuffs and the municipal drinking water were analyzed before formulation of the experimental diets. Solid and liquid feedstuffs were analyzed for S content following official methods 923.01 (AOAC, 1990; minimum detection limit = 5 μg/mL, intraassay CV = 3.3%; interassay CV = 3.8%, Kansas State University Ruminant Nutrition Laboratory) and 31.012 (AOAC, 1984; minimum detection limit = 5 μg/mL, intraassay CV = 3.1%, SDK Laboratories, Hutchinson, KS), respectively.
Feedstuffs were sampled weekly and monthly composited samples were analyzed for DM, starch, NDF, CP, S, and ether extract. Portions of ground samples of feedstuffs were dried in a forced-air oven at 105°C overnight to determine DM (Undersander et al., 1993) . Starch contents of feedstuffs were determined according to the method of Herrera-Saldana and Huber (1989) with a Technicon Autoanalyzer III (SEAL Analytical, Mequon, WI, minimum detection limit = 5 μg/mL, intraassay CV = 3.0%; interassay CV = 4.5%, Kansas State University Ruminant Nutrition Laboratory) to measure free glucose (Gochman and Schmitz, 1972) . Determination of NDF was conducted using an Ankom fiber analyzer (Ankom Technology Corp., Fairport, NY) according to the method of Van Soest et al. (1991) . Heat-stable α-amylase (Ankom Technology Corp.) was added to remove residual starch from feedstuff samples. Determination of CP was accomplished by measuring N content with a Leco FP-2000 N analyzer (Leco Corp., St Joseph, MI; minimum detection limit = 48 μg/g, intraassay CV = 3.2%; interassay CV = 3.7%, Kansas State University Analytical Laboratory) following AOAC (1995) official method 990.03. Ether extract analysis was performed according to AOAC (1995) official method 920.39. After attempting to harvest ruminal gas samples from ruminally cannulated animals that were being fed the study diets, it was determined that leakage around the ruminal cannulas resulted in large fluctuations in gas composition because of contamination with ambient air. As an alternative, it was opted to collect ruminal gas samples from all intact animals involved in this study via dorsal rumenocentesis. This procedure was approved by the Kansas State University Institutional Animal Care and Use Committee. On d 69, 83, 90, 97, and 104, ruminal gas samples were collected at 0, 4, 8, and 12 h after feeding to monitor concentrations of ruminal gasses. One barn (20 animals) was sampled at each time point such that at the end of 12 h after feeding, all animals would have been sampled. Sampling times were switched among barns on each sampling day so that each barn would be sampled at 0, 4, 8, or 12 h on a given sampling day.
Ruminal gas samples were aspirated by puncturing the ruminal wall via the left paralumbar fossa with an 18-gauge, 88.9-mm needle. Aspirated ruminal gas samples were immediately injected into evacuated 30-mL serum bottles fitted with rubber septa (gray butyl stoppers) and aluminum crimp seals. Concentrations of H 2 S and CH 4 were quantified with a gas chromatograph (SRI Instruments, Torrance, CA) equipped with a thermal-conductivity detector, a flame-ionization detector, and a gas-sampling valve with a 0.5-mL sample loop. Separation was achieved by using a 0.3 × 90 cm Haye Sep D packed Teflon column (SRI Instruments). Helium was used as the carrier gas, pressure was maintained at 69 kPa, and oven temperature was maintained at 40°C. Samples of gas (10 mL) were transferred from serum bottles to the sample loop with a gastight syringe (10 MDF-LL-GT; SGE, Austin, TX).
Data on Carcass Characteristics
Steers were slaughtered on d 140, and final BW (gross BW × 0.96) were determined immediately before cattle were shipped 451 km to a commercial abattoir in Holcomb, Kansas. Liver abscesses and HCW were recorded the day of slaughter. Incidence and severity of liver abscesses were scored according to the Elanco scoring system: 0 = no abscesses, A − = 1 or 2 small abscesses or abscess scars, A 0 = 2 to 4 small, well-organized abscesses, and A + = 1 or more large or active abscesses with or without adhesions (Brink et al., 1990) . Subcutaneous fat thickness over the 12th rib, KPH, LM area, marbling score, USDA yield grades, and USDA quality grades were determined after a 48-h chill.
Final BW was determined as HCW divided by a dressing percentage of 63.5%, which is the base value used for the grid system under which the cattle were marketed. This adjustment was made to account for differences in gut fill, and carcass trim was minimal for cattle in this study. Average daily gains were computed by subtracting initial live BW from carcass-adjusted final BW and dividing the result by days on feed (DOF). Efficiencies of BW gain were computed by dividing ADG by daily DMI. Dressed yield was determined as HCW divided by final shrunk BW.
Statistical Analyses
Feed intake over time was analyzed as repeated measures using the Mixed procedure (SAS Inst. Inc., Cary, NC). Animal was the experimental unit, and the model statement included dietary S concentration, grain processing method, DOF, and all 3-and 2-way interactions. The repeated measures factor was the DOF × time after feeding (T) combination because DOF and T were measured on each of the animals. The DOF × T term was broken down into its factorial components in the analysis. The random effect was BW block. Likewise, ruminal gas data were analyzed as repeated measures using the Mixed procedure, but in this case, the model statement included dietary S concentration, grain processing method (G), DOF, T, all 2-way interactions, and interactions of S × G × DOF, and S × G × T. The 4-way interaction was left out because not all 4-way combinations had observations, and means were therefore nonestimable. Pearson correlation analysis was also conducted to evaluate relationships between concentrations of H 2 S and CH 4 and ADG, DMI, and G:F.
Noncategorical data pertaining to growth performance and carcass characteristics were analyzed using the Mixed procedure of SAS. Animal was the experimental unit, and BW block was used as the random effect. The model statement included dietary S concentration, grain processing method, and the interaction between dietary S concentration and grain processing method. Treatment means for noncategorical data were determined using the LSMEANS procedure of SAS. A P-value of ≤0.05 was declared significant. Data for USDA yield grades and USDA quality grades were analyzed using the Glimmix procedure of SAS. Because of low occurrences, data for liver abscesses were analyzed using χ 2 . Treatment means were separated using pairwise comparisons.
RESULTS AND DISCUSSION
A 3-way interaction (P = 0.007) was observed between dietary S concentration, grain processing, and DOF with respect to feed intake (Figure 1 ). Animals fed SFC-HS had less DMI than those in the other 3 treatment groups from d 14 through 98 and d 112 through 126, whereas steers fed DRC-MS had greater DMI from d 14 through d 63 and d 91 through d 140 compared with those in the other 3 groups (P < 0.05). This could be partly due to the lower pH (2.9) of treated DDGS compared with pH (4.5) of untreated DDGS. Dietary S concentration × DOF, and grain processing × DOF interactions (P < 0.001) were also observed, but no interaction (P = 0.85) was observed between dietary S concentration and grain processing method. Loneragan et al. (2001) noted a tendency for an interaction between drinking water S concentration and DOF with respect to DMI when cattle were fed SFCbased diets and drinking water containing 1 of the following S concentrations (DM basis): 0.18, 0.19, 0.22, 0.29, or 0.40%. Increasing S concentrations tended to depress DMI during the first 28 DOF, after which feed consumption improved and remained relatively stable until the end of the study. Zinn et al. (1997) observed a linear decrease in DMI when they fed SFC-based diets containing 0.15, 0.20, or 0.25% S (DM). In the present study, HS yielded greater H 2 S concentrations than MS, but concentrations of H 2 S in the ruminal gas cap decreased with increasing DOF (P < 0.001). It is conceivable that the liver was unable to detoxify increased amounts of sulfide absorbed during early DOF, resulting in increased sulfide concentrations in the blood (Loneragan et al., 2001) .
Treatment effects on ADG and G:F are presented in Table 3 . Averaged over the entire feeding period, no interactions (P > 0.25) between grain processing method and dietary S concentration were observed with respect to growth performance. Feeding HS decreased ADG (P = 0.006) and shrunk final BW (P = 0.009), but dietary S concentration had no effect (P = 0.25) on G:F. Steers fed diets containing HS had 12.9% less ADG (P < 0.01 than their counterparts fed MS diets. Dietary S concentration did not affect (P = 0.50) dietary NE m or NE g calculated on the basis of cattle performance (NRC, 1984) .
In agreement with these results, Loneragan et al. (2001) observed decreased ADG and G:F with increasing S content in drinking water. In the study by Zinn et al. (1997) , ADG and G:F responded quadratically to increasing dietary S, with the optimal concentration being 0.20%. When evaluating dietary S concentration (0.11, 0.20, 0.28, or 0.38%, DM basis) in diets for growing goats, Qi et al. (1993) reported decreased ADG, DMI, and G:F with dietary S greater than 0.20%. However, research by Rumsey (1978) suggested that addition of 0, 0.14, and 0.42% of sublimed S in cracked corn-based diets (0.14% S in the basal diet) did not affect ADG but reduced DMI and, as a result, improved the feed efficiency of beef steers. The 0.98% S treatment was removed from the study by Rumsey (1978) before the completion of the trial because of a great depression and SFC with HS, respectively. There was a 3-way interaction (P = 0.007) between grain processing method, S concentration, and days on feed. There were also interactions between S concentration and days on feed (P < 0.001), and grain processing method and days on feed (P < 0.001).
in intake. In a study by Pendlum et al. (1976) , feeding 0.11, 0.26, or 0.45% dietary S in ground corn-based diets did not affect the growth performance of finishing Holstein steers. Thompson et al. (1972) compared the effects of 0.12 and 0.37% dietary S on the performance of steers fed ground corn-based finishing diets in 2 trials. In the first study, increased dietary S had no effect on ADG, but it reduced DMI. In trial 2, increasing dietary S depressed ADG and DMI.
In this study and studies by Loneragan et al. (2001) , Zinn et al. (1997) , and Qi et al. (1993) , dietary S was provided mainly in the form of sulfates, whereas in research by Rumsey (1978) , Pendlum et al. (1976) , and Thompson et al. (1972) , elemental S was the main source of dietary S. Therefore, observed differences in response to dietary S may be due to differences in bioavailability of S sources. According to Kahlon et al. (1975) , elemental S is only 35.8% available for ruminal microbial growth, whereas supplemental S as sulfate is roughly 50% available to ruminal microbes.
Grain processing method had no effect (P > 0.05) on ADG or G:F, but steers fed DRC had greater (P = 0.0001) DMI than steers fed SFC-based diets. Additionally, diets based on SFC provided more (P = 0.0001) NE m or NE g than DRC-based diets, which is in agreement with previous research that reported the feeding value of SFC to be greater than that of DRC when fed in finishing diets (Barajas and Zinn, 1998; Zinn et al., 1998) .
Treatment effects on carcass characteristics of feedlot steers are summarized in Table 4 . There was no dietary S concentration × grain processing method interaction (P ≥ 0.15) with respect to carcass characteristics. High dietary S decreased (P = 0.006) HCW by 4.3% and KPH by 16.2% (P = 0.009). Cattle fed HS yielded carcasses with reduced (P = 0.04) yield grades compared with steers fed diets containing MS. No differences were observed among treatments (P > 0.05) with respect to dressing percentage, fat thickness over the 12th rib, LM area, liver abscesses, marbling scores, or USDA quality grades. Grain processing method also had no discernable effect (P ≥ 0.12) on carcass characteristics.
Similarly, research by Loneragan et al. (2001) and Zinn et al. (1997) indicated decreased HCW with increasing water S content and dietary S concentration, respectively. Yield grades decreased linearly in the study by Loneragan et al. (2001) , which is in agreement with the results of this study, but were not affected by dietary S concentration in the trial by Zinn et al. (1997) . In the study by Loneragan et al. (2001) , marbling score and USDA quality grades were not affected by S concentration, but increased dietary S tended to decrease dressed yield and to increase LM area linearly, unlike the present results. Loneragan et al. (2001) indicated that reasons for the increase in LM area associated with increasing dietary S were unclear. This unexpected result is contrary to findings by Zinn et al. (1997) and Thompson et al. (1972) , who observed a linear decrease in LM area with increasing dietary S concentrations. Zinn et al. (1997) and Thompson et al. (1972) also were uncertain of the reasons for the smaller LM area with increasing concentrations of S. In our study, LM area was not affected by dietary S concentrations.
Consistent with the findings of this study, research by Zinn et al. (1997) , Rumsey (1978) , and Thompson et al. (1972) indicated no effect of dietary S on dressing percentage, fat thickness, or marbling scores. But contrary to these results, these researchers found no effect of dietary S on KPH. Differences in KPH results may be attributable to differences in the ranges of S concentrations evaluated compared with ours. The greatest dietary S concentration in studies by Zinn et al. (1997) , Rumsey (1978) , and Thompson et al. (1972) were (DM basis) 0.25, 0.42, and 0.37%, respectively. Given that these researchers noted a linear decrease in DMI with increasing dietary S concentration, steers fed diets con- taining 0.65% S had less energy intake than steers fed diets with 0.42% S. As result, cattle fed HS diets had less KPH than steers fed MS diets in our trial. Effects of treatments and time after feeding on gas concentrations in the ruminal gas cap are presented in Table 5 . Within sampling day, there was no grain processing method × dietary S × time after feeding interaction (P = 0.38), but interactions between grain processing method and time after feeding (P = 0.006) and between dietary S and time after feeding (P = 0.005) occurred. Concentrations of H 2 S were similar for steers fed DRC-or SFC-based diets during the first 4 h after feeding, but beginning 8 h after feeding, steers fed DRC-based diets had greater H 2 S concentrations than steers fed SFC-based diets. This difference may reflect differences in DMI or in digestion rate between the DRC and SFC. Feeding HS increasingly yielded greater (P < 0.001) H 2 S concentrations over 12 h after feeding compared with feeding MS.
Effects of treatments and DOF on concentrations of ruminal gasses in the ruminal headspace are presented in Table 6 . There were no 3-way or 2-way interactions with respect to H 2 S concentration (P > 0.05). There was a grain processing effect (P = 0.03) and a dietary S effect (P < 0.001) on ruminal H 2 S concentrations. Feeding DRC unexpectedly resulted in greater H 2 S concentration compared with feeding SFC. This may have been driven by intake because dietary S concentration was similar within dietary S concentration treatments. Cattle fed diets containing HS had greater H 2 S con- Marbling score 300 to 399 = Slight; 400 to 499 = Small. 1 G = effect of grain processing; S = effect of S concentration; T = effect of time after feeding; G × T = interaction between grain processing method and time after feeding; S × T = interaction between S concentration and time after feeding; G × S × T = 3-way interaction between grain processing method, S concentration, and time after feeding. centrations in the ruminal gas cap than cattle fed diets containing MS, and H 2 S was inversely related (P ≤ 0.01) to ADG (r = −0.58), DMI (r = −0.67) for steers fed SFC-based diets (Table 7) , and DMI (r = −0.40) for steers fed DRC-based diets.
Several factors may explain the deleterious effects of increased dietary S intake on growth performance. According to Bird (1972) and Kandylis (1984) , ruminal and intestinal motility is decreased when excessive H 2 S is produced as a result of sulfate reduction in the rumen, hence the decrease in DMI. Research by Loneragan et al. (1997) indicated that cattle consuming water with the greatest sulfate concentration had a peak in ruminal sulfide concentration that lasted from approximately 15 to 35 DOF. After this peak, ruminal sulfide concentration decreased substantially. In this study, in spite of collecting ruminal gasses relatively late in the study (d 69 to 104) for logistical reasons, a decrease in H 2 S over time was observed in animals fed HS (Table 6) .
These results suggest that cattle are likely to adapt to a chronic exposure to increased dietary S, possibly because of development of a more stable combination of assimilatory and dissimilatory activities of sulfatereducing bacteria (Huisingh et al., 1974) . Previous research revealed a swift adaptation of sulfate-reducing bacteria to increased ruminal sulfate concentration (Lewis, 1954; Bird and Hume, 1971; Bird and Moir, 1971) . Moreover, Bird and Moir (1971) investigated the fate of ruminally or duododenally infused sulfate in sheep. They found that sheep ruminally infused with 6 g/d of S as sulfate stopped eating or drinking, whereas the same amount of S given duodenally did not adversely affect feed consumption.
When sulfides resulting from the reduction of sulfate by ruminal bacteria are not absorbed across the rumen wall, they can bind to H + and form H 2 S that is eructated and inhaled, potentially leading to respiratory distress and inflammation (Kandylis, 1984) . According to Dougherty and Cook (1962) , large proportions of eructated gas enter the lungs, where absorption can occur. Sulfide toxicity is often associated with incidences of PEM (Raisbeck, 1982; Gould et al., 1997; Kung et al., 2000) . Symptoms of PEM include increased respiration, decreased feed intake, listlessness, muscular incoordination, progressive blindness, and cerebrocortical necrosis (Gould, 1998) .
Distillers grains can contain a substantial amount of S (Buckner et al., 2008) , thus causing health problems. Corrigan et al. (2009) Within a row, values with different superscripts are different (P < 0.05).
1 G = effect of grain processing method; S = effect of S concentration; DOF = effect of days on feed; G × S = interaction between grain processing method and S concentration; G × DOF = interaction between grain processing method and days on feed; S × DOF = interaction between S concentration and days on feed; G × S × DOF = 3-way interaction between grain processing method, S concentration, and days on feed. of the total diet, and 6% of cattle fed diets consisting mainly of blends of WDGS and wet corn gluten feed (0.47 to 0.59% S) died or were diagnosed with PEM (Wilken et al., 2009) . Moreover, in a study by Buckner et al. (2007) , 6 out of 40 steers fed 50% DDGS (with 0.60% S) in a DRC-based diet did not finish the study because they died or showed symptoms related to PEM. In the present study, 1 animal on the SFC-HS diet (0.65% S) showed blindness attributed to PEM. Even though only 1 animal in this study exhibited signs of PEM, cattle fed diets with HS had consistently increased ruminal H 2 S concentrations compared with cattle fed diets with MS (Table 6) . Within sampling day, there was no grain processing × dietary S concentration × time after feeding interaction (P = 0.09) or dietary S concentration × time after feeding interaction (P = 0.55) with respect to ruminal CH 4 concentration. However, there was a grain processing × time after feeding interaction (P = 0.003). Steers fed DRC-based diets had greater ruminal CH 4 concentrations than steers fed SFC-based diets at 4, 8, and 12 h after feeding (Table 5) .
There was a 3-way interaction (P = 0.04) between dietary S concentration, grain processing method, and DOF, and an interaction (P = 0.05) between dietary S concentration and DOF with respect to ruminal concentration (Table 6 ). There was no grain processing × dietary S interaction (P = 0.14) or dietary S effect (P = 0.08). Zinn et al. (1997) observed a linear decrease in estimated CH 4 production with increasing dietary S. These findings may suggest that a large proportion of fermentative H + is used to produce CH 4 , as evidenced by comparative ruminal concentrations of the 2 gasses in the present study (Table 6) .
Feeding DRC-based diets resulted in greater (P = 0.03; Table 6) CH 4 concentrations than feeding SFCbased diets across all DOF sampled. These data agree with previous findings (Johnson and Johnson, 1995; Moss et al., 2000; Beauchemin and McGinn, 2005) .
Ruminal concentration of CH 4 was negatively correlated (P = 0.01) with DMI (r = −0.39) and ADG (r = −0.40) for steers fed SFC diets (Table 7) . Methane concentration also was inversely related (P ≤ 0.05) to DMI (r = −0.33), ADG (r = −0.38), and G:F (r = −0.33) in steers fed DRC-based diets (Table 8) .
In conclusion, feeding large amounts of a feed that has increased S, such as DDGS, will contribute to increased dietary intake of S, and will decrease feed intake and reduce energy efficiency of the diet by producing more undesirable H 2 S and CH 4 . Overall, this could compromise the growth performance and health of feedlot cattle. Data used for correlation analysis were collected at the same time.
